Alexander LM, Kutz JL, Kenney WL. Tetrahydrobiopterin increases NO-dependent vasodilation in hypercholesterolemic human skin through eNOS-coupling mechanisms. Am J Physiol Regul Integr Comp Physiol 304: R164 -R169, 2013. First published November 28, 2012 doi:10.1152/ajpregu.00448.2012.-Localized exogenous R-tetrahydrobiopterin (R-BH4) corrects the deficit in local heat-induced vasodilation (VD) in hypercholesterolemic (HC) human skin through one of two plausible mechanisms: by serving as an essential cofactor to stabilizing endothelial nitric oxide (NO) synthase (eNOS) or through generalized antioxidant effects. We used the stereoisomer S-BH4, which has the same antioxidant properties but does not function as an essential NOS cofactor, to elucidate the mechanism by which R-BH4 restores cutaneous VD in HC humans. Intradermal microdialysis fibers were placed in 20 normocholesterolemic (NC), 13 midrange cholesterolemic (MC), and 18 HC (LDL: 94 Ϯ 3, 124 Ϯ 3 and 179 Ϯ 6 mg/dl, respectively) men and women to perfuse Ringer (control site) and R-BH4. In 10 NC, 13 MC, and 9 HC subjects (LDL: 94 Ϯ 3, 124 Ϯ 3, 180 Ϯ 10 mg/dl), S-BH4 was perfused at a third microdialysis site. Skin blood flow was measured during a standardized local heating protocol to elicit eNOS-dependent VD. After cutaneous vascular conductance (CVC ϭ LDF/MAP) plateaued, NOdependent VD was quantified by perfusing N G -nitro-L-arginine methyl ester (L-NAME). Data were normalized as %CVCmax. Fully expressed VD (NC: 97.9 Ϯ 2.3 vs. MC: 85.4 Ϯ 5.4, HC: 79.9 Ϯ 4.2%CVCmax) and the NO-dependent portion (NC: 62.1 Ϯ 3 vs. MC: 45.8 Ϯ 3.9, HC: 35.7 Ϯ 2.8%CVCmax) were reduced in HC (both P Ͻ 0.01 vs. NC), but only the fully expressed VD was reduced in MC (P Ͻ 0.01 vs. NC). R-BH4 increased the fully expressed (93.9 Ϯ 3.4%CVCmax; P Ͻ 0.01) and NO-dependent VD (52.1 Ϯ 5.1% CVCmax; P Ͻ 0.01) in HC but not in NC or MC. S-BH4 increased full-expressed VD in HC (P Ͻ 0.01) but did not affect NO-dependent VD in HC or MC. In contrast S-BH 4 attenuated NO-dependent VD in NC (control: 62.1 Ϯ 3 vs. S-BH4: 41.6 Ϯ 7%CVCmax; P Ͻ 0.001). Exogenous R-BH4 restores NO-dependent VD in HC human skin predominantly through NOS coupling mechanisms but increases full expression of the local heating response through generalized antioxidant properties.
BH4; cholesterol; NOS coupling; skin blood flow; vascular dysfunction HYPERCHOLESTEROLEMIA, specifically elevated low density lipoproteins (LDLs), is a major risk factor for the development of atherosclerotic vascular disease (25, 26) . One early indicator of functionally manifested hypercholesterolemia-induced vascular disease is a loss of the vasoprotective molecule nitric oxide (NO) in the microcirculation. Microvascular dysfunction is detectable before the onset of atherosclerotic plaque formation in the conduit arteries and may contribute to the development of conduit artery endothelial dysfunction by inducing retrograde blood flow patterns that could cause damaging shear stress (5) . The human cutaneous circulation is an accessible regional circulation to assess microvascular dysfunction and mechanisms contributing to vascular disease with hypercholesterolemia (13) (14) (15) . Impairments in cutaneous microvascular function are related to end organ damage and indices of vascular function in the coronary and renal vascular beds (5, 19) .
We previously showed that cutaneous NO-dependent vasodilation in response to an endothelial NO synthase (eNOS)-specific local skin heating stimulus is attenuated in human subjects with clinically defined hypercholesterolemia (LDL Ͼ 160 mg/dl) (13) (14) (15) . The reduction in NO-dependent vasodilation is mediated by: 1) upregulated arginase activity that limits substrate availability through eNOS (15) , 2) an increase in ascorbate-sensitive oxidant stress mechanisms (12) , and 3) possibly a reduction in the essential eNOS cofactor R-tetrahydrobiopterin (R-BH 4 ) (11) . Ascorbate improves NO bioavailability through several different mechanisms including scavenging radicals that oxidize NO and through stabilizing and resynthesizing R-BH 4 from BH 2 (21) . Furthermore, R-BH 4 has both eNOS cofactor properties and generalized antioxidant properties primarily through quenching superoxide (20) . It is unclear whether the restoration in cutaneous NOdependent vasodilation to local heating with localized R-BH 4 in hypercholesterolemic humans is due eNOS recoupling mechanisms or generalized antioxidant effects preventing the oxidation of NO.
The purpose of this study was to differentiate how R-BH 4 augments NO-dependent vasodilation during local heating of hypercholesterolemic human skin. We used the stereoisomer S-BH 4 , which has the same antioxidant properties but does not function as an eNOS cofactor (17, 22) , to elucidate the mechanism by which R-BH 4 restores cutaneous vasodilation in this population. We hypothesized that local administration of R-BH 4 restores cutaneous NO-dependent vasodilation during local heating in the skin of hypercholesterolemics via stabilization of eNOS and not through generalized antioxidant mechanisms.
METHODS
Subjects. All experimental procedures were approved by the Institutional Review Board at The Pennsylvania State University, which follows the guidelines set forth by the Declaration of Helsinki. Twenty healthy normocholesterolemic, thirteen midrange cholesterolemic, and eighteen hypercholesterolemic men and women participated in the study after giving written and oral consent ( Table 1 ). The age of the subjects ranged from 40 to 69 yr old, and the groups (normocholesterolemic, midrange cholesterolemic, and hypercholesterolemic) were age-matched to account for any age-related differences in local heating response. The subjects were normally active and not currently taking statins or other medications including low-dose aspirin, vitamins, antioxidants, or hormone replacement.
During the protocol, subjects were in a thermoneutral laboratory in a semisupine position with their arm positioned at the level of the heart. Four intradermal microdialysis probes were inserted into the dermal layer of the ventral left forearm for local delivery of pharmacological agents (16) . Microdialysis sites were perfused with: 1) 20 mM N G -nitro-L-arginine methyl ester (L-NAME) to inhibit NO production via a nonspecific NO synthase inhibition during local heating; 2) 10 mM R-BH 4 to locally supplement the essential cofactor for eNOS (Sigma-Aldrich, St. Louis, MO) (14); 3) 10 mM S-BH4, to have the same antioxidant properties of R-BH4 but without the cofactor properties for eNOS (22) ; and 4) lactated Ringer to serve as control. The S-BH 4 site was utilized in 11 of the normocholesterolemic, 13 midrange cholesterolemic, and 9 of the hypercholesterolemic subjects. Pharmacological solutions were mixed in lactated Ringer solution immediately before use and sterilized using syringe microfilters (Acrodisc, Pall, Ann Arbor, MI). Solutions were wrapped immediately in foil to prevent photodegradation.
Skin blood flow was measured using integrated laser-Doppler flowmeter. Local temperature was controlled using a local heater placed directly above each microdialysis membrane (MoorLAB, Temperature Monitor SH02, Moor Instruments, Devon, UK). The laser Doppler probe was secured in the local heater and monitored blood flow over each microdialysis fiber. An automated brachial cuff (Cardiocap) measured arterial blood pressure every 5 min on the right arm. Cutaneous vascular conductance (CVC) was calculated as laserDoppler flux divided by mean arterial pressure (MAP). Data were normalized as percentage maximal (%CVC max).
Local heating protocol. The insertion of the microdialysis fibers results in a transient period of hyperemia. Sixty to ninety minutes were allowed for hyperemia to cease before a standard local heating protocol to induce eNOS-dependent vasodilation (1, 24) . Local heater temperature was increased from the baseline clamped temperature of 33°C to 42°C at a rate of 0.1°C every second and then clamped at 42°C for the remainder of the heating protocol. After ϳ30 -40 min, when skin blood flow reached an established plateau, 20 mM L-NAME was perfused to quantify NO-dependent vasodilation at all sites. The phases of the local heating response include the initial peak and nadir (small NO contribution) followed by a predominately NO-dependent plateau. Figure 1 is a representative tracing of a local heating response in a hypercholesterolemic subject at their R-BH 4 and S-BH 4 sites, the control site has been omitted for clarity. After infusion of L-NAME and subsequent stabilization of a post-L-NAME plateau in skin blood flow, 28 mM sodium nitroprusside (SNP) was perfused and local temperature increased to 43°C to elicit CVC max (18) .
Data and statistical analysis. Data were collected continuously at 40 Hz and stored for offline analysis with signal-processing software (Windaq, DATAQ Instruments). All skin blood flow data (CVC) were averaged for a stable 5 min of baseline, local heating plateau, post-L-NAME plateau, and maximal vasodilation and normalized to %CVC max. The NO-dependent vasodilation during local heating was calculated by the difference between the local heating plateau and the post-L-NAME plateau. A three-way mixed model ANOVA was conducted to distinguish differences in %CVC max between subject groups, local heating phase, and pharmacological treatment sites (SAS, version 9.1). A separate two-way ANOVA was conducted to examine differences between groups and localized pharmacological treatments for the vasodilation due to NO. A priori specific planned comparisons with Bonferroni correction were performed when appropriate to determine where differneces between groups and localized drug treatments existed. The level of significance was set at ␣ ϭ 0.05. Values are presented as means Ϯ SE unless specified otherwise.
RESULTS
Subject characteristics are presented in Table 1 . The subject groups differed in total cholesterol, LDLs, and oxidized LDL, by design, but there were no differences among groups for highdensity lipoprotein. Otherwise the subjects were well matched for age, body mass index, fasting blood glucose, and MAP. Figure 1 illustrates time course representative tracings at the R-BH 4 and S-BH 4 sites for a hypercholesterolemic subject. Full expression of the plateau of local heating-induced vasodilation and the post-L-NAME plateau are labeled. The difference between the plateau and the post-L-NAME plateau is calculated as functional NO-dependent vasodilation (13) (14) (15) .
The group means %CVC max for the local heating-induced plateau and the post-L-NAME plateau are illustrated in Fig. 2 . At the control sites full expression of the local heating response was attenuated in the midrange cholesterolemic and hypercholesterolemic groups compared with the normocholesterolemic group (both P Ͻ 0.01). The post-L-NAME plateau in the hypercholesterolemic group was elevated compared with the normocholesterolemic group (P Ͻ0.05) ( Fig. 2A) , but there was no difference between the midrange and normocholesterolemic groups. Localized R-BH 4 administration increased the local heating plateau in hypercholesterolemic subjects compared with their control site (P Ͻ 0.01) (Fig. 2B) . S-BH 4 augmented the full expression of the local heating plateau in the hypercholesterolemic group compared with their control site (P Ͻ0.01), but the post-L-NAME plateau remained elevated. Furthermore, S-BH 4 had no effect on the full local heating response in the normocholesterolemic or midrange cholesterolemic group, but the post-L-NAME plateau was elevated compared with the control site in the normocholesterolemic group (Fig. 2C) . There was no difference at the L-NAME site throughout the heating protocol among groups (Fig. 2D) . Figure 3 illustrates the decrease in skin blood flow following NOS inhibition within each site for all of the cholesterol groups. NO-dependent vasodilation was attenuated in the hypercholesterolemic and the midrange cholesterolemic group compared with the normocholesterolemic group (P Ͻ 0.01). Localized R-BH 4 treatment augmented NO-dependent vasodilation in the hypercholesterolemic group (P Ͻ 0.01) with no change in the midrange cholesterolemic group. There was no difference in NO-dependent vasodilation with local S-BH 4 treatment for the midrange and hypercholesterolemic groups compared with their control sites. In contrast, in the normocholesterolemic group local S-BH 4 treatment reduced NO-dependent vasodilation compared with their control sites (P Ͻ0.01).
Absolute maximal CVC (flux/mmHg) values for each site are presented in Table 2 . There were no differences in absolute maximal CVC among localized microdialysis treatment sites or cholesterol groups. † † Mean skin blood flow responses for the plateau and the post-L-NAME plateau. CVC represented at percent maximum at the plateau in skin blood flow as a result of local heating and after NOS inhibition with L-NAME in normocholesterolemic (NC) control subjects, midrange cholesterolemic (MC) subjects, and hypercholesterolemic (HC) subjects. Each panel illustrates a different localized microdialysis treatment site: control site (A), R-BH4 site (B), S-BH4 site (C), and L-NAME (D) throughout local heating. *P Ͻ 0.01 different vs. NC group, †P Ͻ 0.05 vs. NC control site.␦P Ͻ 0.001 vs. HC control site.
DISCUSSION
The major new finding of this study is that supplementation with the essential NOS cofactor BH 4 augments NO-dependent vasodilation during local heating of the skin predominantly by improving NOS coupling mechanisms. Local S-BH4 administration modestly increased full expression of the local heating plateau in hypercholesterolemics but did not improve NOdependent vasodilation in any of the cholesterols groups, suggesting that the generalized antioxidant effects of BH4 may increase non-NO-dependent mechanisms. These results suggest that the reduced NO bioavailability associated with hypercholesterolemic-induced microvascular dysfunction is mediated in part through a reduction in the eNOS essential cofactor BH 4 leading to NOS uncoupling, and localized administration of R-BH 4 likely augments NO-dependent vasodilation through recoupling eNOS. We also found that vasodilation during local heating was reduced in a cohort of subjects with moderately elevated LDL cholesterol (midrange), but there was not a detectable difference in NO-dependent vasodilation with localized R-BH 4 administration in this group. Finally, a secondary unexpected finding was that S-BH 4 treatment increased the post-L-NAME plateau in the normocholesterolemic group and reduced NO-dependent vasodilation, suggesting that supplementing antioxidants to healthy vasculature may decrease functional NO bioavailability.
We have previously demonstrated that the hypercholesterolemia-induced microvascular dysfunction is mediated by a variety of mechanisms contributing to eNOS uncoupling where the eNOS dimer uncouples to produce superoxide instead of functional NO (7). These mechanisms include 1) increased arginase activity, which limits L-arginine availability for eNOS (15) ; 2) through ascorbate-sensitive oxidant stress mechanisms (13); and 3) through a reduction in the essential eNOS cofactor BH 4 (14) . In these prior experiments it was not possible to determine whether localized ascorbate or BH 4 supplementation improved NO-dependent mechanisms through eNOS coupling mechanisms or through acting as an antioxidant. This was in part because ascorbate is a powerful generalized antioxidant capable of quenching hydroxyl, alkoyxyl, preoxyl, thiol, and tocopheroxyl radicals (6) and stabilizing/resynthesizing BH 4 from the salvage pathway (21) . Furthermore, BH 4 independently possesses both eNOS coupling actions through acting as an essential cofactor and weak generalized antioxidant properties. The antioxidant effects are primarily a result of the rapid reaction of superoxide radical reducing BH 4 to BH 3 (21) , in essence quenching superoxide. At present, there has been no direct examination of the antioxidant capacity between ascorbate and BH 4 ; however, superoxide reacts with BH 4 6 -10 times faster than it reacts with ascorbate (21) . In the present study we utilized the S enantiomer of the functional eNOS cofactor R-BH 4 . We found that providing a BH 4 compound with the same antioxidant properties but without functional cofactor properties did not affect NO-dependent vasodilation in our hypercholesterolemic subjects. This is in contrast to R-BH 4 , which significantly augmented NO-dependent vasodilation in the hypercholesterolemics. Based on these new data it is likely that localized BH 4 supplementation increases functional NO-dependent vasodilation predominantly through acting as an essential cofactor to recouple eNOS.
In this study we designed our experiments to provide equamolar concentrations (10 mM) of both BH 4 enantiomers. We observed a positive effect of R-BH 4 on NO-dependent vasodilation in our hypercholesterolemic subjects that was not observed with 
Values are means Ϯ SE (in AU/mmHg). BH4, tetrahydrobiopterin. Absolute cutaneous vascular conducatance in all microdialysis treatment sites for the normocholesterolemic, midrange cholesterolemic, and hypercholesterolemic groups. There was no significant difference due to localized drug treatment or between groups.
S-BH 4 . Similar results have also been seen chronic smokers with preexisting endothelial dysfunction (10) . However, other studies in humans using similar methodology and relative concentrations of these drugs have found that both enantiomers are equally effective at augmenting endothelium-dependent vasodilation after ischemia-reperfusion injury (22) . Together, these results suggest in models of chronic endothelial dysfunction (i.e., smoking, hypercholesterolemia) the principle target BH 4 results in increased NO-dependent vasodilation through the reversal of NOS uncoupling, whereas in acute cases of endothelial injury, where there is an increase in superoxide, BH 4 may be beneficial as a generalized antioxidant.
In our previous studies examining hypercholesterolemiainduced microvascular dysfunction, we have focused on two distinct, but well-matched groups, to draw comparisons based on different cholesterol concentrations. In this study we have also tested an intermediary "midrange" cholesterol group. Using our standardized local heating protocol to induce eNOS-dependent vasodilation, the midrange cholesterol group demonstrated an attenuated plateau response ( Fig. 2A) due to a reduction in NOdependent vasodilatory mechanisms (Fig. 3A) . With R-BH 4 administration there was no longer a difference the in plateau of the local heating response (Fig. 2B) or vasodilation due to the production of NO (Fig. 3B) ; however, there was not a significant improvement in NO-dependent vasodilation within the group after the localized R-BH 4 treatment. This is likely because of the small decrement in cutaneous vascular function observed in the midrange subject group. Our study was powered to detect a meaningful physiological difference of 15% CVC max due to group and localized microdialysis treatment. While we saw group differences in the control site there was no difference within group due to localized R-BH4 treatment.
One unexpected finding in the present study was that localized supplementation of S-BH 4 increased NO-independent vasodilatory mechanisms in both hypercholesterolemics and normocholesterolemics, and there was a reduction in functional NO-dependent vasodilation in the normocholesterolemic group. Vascular studies conducted in healthy (i.e., no evidence of endothelial dysfunction) models have shown that supplementing supraphysiological doses of antioxidants can alter redox potential and decrease NO bioavailability (8) . Using a similar local heating protocol in young healthy subjects, Stewart et al. (23) have shown that H 2 O 2 can increase NO-independent vasodilatory mechanisms. There is also increasing evidence that ascorbate and BH 4 can potentiate endothelium-derived hyperpolarizing factors (EDHF) through H 2 O 2 . Because the NO-independent portion of the local heating response is in part mediated by EDHFs (2), it is possible that S-BH 4 is increasing EDHFs through altering the redox potential within the vessel. We have observed a similar phenomenon in young healthy human subjects with the local administration of ascorbate (16) . However, it remains unclear why we do not observe a similar increase in NO-independent vasodilation with R-BH 4 or ascorbate in our healthy middle-aged cohort of subjects.
Perspectives and Significance
In the current study we utilized supraphysiological concentrations of both BH 4 enantiomers to examine eNOS coupling mechanisms in humans with hypercholesterolemia. One criticism of these localized infusion studies is the potential for nonspecific effects of the highly concentrated drugs on the vessel wall. In this study we specifically chose a compound (S-BH 4 ) to examine the potential nonspecific antioxidant effects delivered at equimolar concentrations. A different approach that others have used examining the mechanisms of BH 4 on hypercholesterolemia-induced microvascular dysfunction is a chronic oral BH 4 intervention. Similar to the results from this study with localized administration of BH 4 , monotherapy with chronic dosing of oral BH4 in hypercholesterolemic humans reverses endothelial dysfunction and decrease systemic markers of oxidant stress (3) . While treatment of hypercholesterolemia-induced vascular dysfunction with BH 4 appears to be efficacious, it is cost prohibitive and the long-term repercussions are unclear. For example, recent studies in populations with more significant atherosclerotic vascular disease indicate that high doses of oral BH 4 oxidize rapidly adversely affecting the BH 4 -to-BH 2 ratio and resulting in increased oxidant stress through inducing eNOS uncoupling (4) .
We have explored the effects of an oral atorvastatin intervention on hypercholesterolemia-induced cutaneous microvascular dysfunction. In this series of studies we consistently observed an improvement in NO-dependent vasodilation after 12 wk on an oral atorvastatin intervention, with no further improvements from the local delivery of arginase inhibitors, nonspecific antioxidants (ascorbate), or BH 4 (13) (14) (15) . Furthermore, our biochemical studies support that oral atorvastatin at relatively low clinical doses (10 mg) decreases arginase activity and restored endothelium-dependent vasodilatory function. Because statins have many "pleiotropic" effects unrelated to their direct action of decreasing LDL, including acting as a generalized antioxidant (27) and increasing intracellular BH 4 content (9), this multipronged approach to treating hypercholesterolemia-induced vasodilatory dysfunction in this preclinical model appears efficacious. However, the effects of systemic statin therapy on microvascular proconstrictor pathways and atherosclerotic vascular remodeling detectable in the cutaneous circulation remain unclear.
In summary supplementation with the essential NOS cofactor R-BH 4 augments NO-dependent vasodilation, and S-BH 4 modestly increased NO-independent vasodilation during local heating in subjects with hypercholesterolemia-induced cutaneous microvascular dysfunction. Local administration of the S-BH 4 enantiomer, which has the same antioxidant properties as R-BH4 but does not serve as a NOS cofactor, did not improve NO-dependent vasodilation, suggesting that the reduction in NO bioavailability is predominantly mediated through NOS uncoupling mechanisms. Vasodilation to local heating was reduced in a cohort of subjects with moderately elevated LDL cholesterol (midrange), but there was not a detectable difference in NO-dependent vasodilation with localized R-BH 4 administration in this group. Finally, the BH 4 pathway through the use of an oral intervention or statin therapy is a viable molecular target for the treatment of hypercholesterolemia-induced microvascular dysfunction.
